Abstract
Introduction
Tumor angiogenesis is a prerequisite for tumor progression and metastasis. It is a complex process that requires cooperative reciprocal interaction of tumor cells and endothelial cells [1] [2] [3] [4] and, thereby, offers an attractive therapeutic target [5] . Clinical trials with antiangiogenic agents, such as bevacizumab, which is an antibody against vascular endothelial growth factor (VEGF), introduced these agents into clinical practice [6] . During the last several years, antiangiogenic therapies, in combination with conventional chemotherapeutic agents, have been established for different tumor types, such as colorectal cancer [7] , non-small cell lung cancer [8] , renal cell cancer [9] , and breast cancer [10] . The average clinical benefit of these drugs, however, is relatively modest, and it is unclear which patients benefit the most. Improvements are likely to come from a more thorough understanding of the molecular and cellular mechanisms that govern tumor-endothelial cell interactions. Tumor angiogenesis involves a plethora of soluble and cellular components that interact in a process of mutual signaling [11] . This requires a coordinated expression of proangiogenic factors [12] and suppression of antiangiogenic factors [13] , which leads to endothelial cell proliferation and migration and vessel formation. Although multiple single genes have been described in numerous reports to be involved in angiogenesis, such as growth factors [12, 14] , membrane-bound molecules [15] , and extracellular matrix components [16] , there are likely others that have remained unidentified. The interplay between the various factors and their combined effects in tumor angiogenesis, however, remains to be further characterized.
Carcinomas are not merely aggregates of malignant epithelial cells but are, in many respects, organlike structures that include host stromal cells, such as fibroblasts, adipocytes, inflammatory cells, and the cells that form the tumor vasculature, and the malignant cells themselves that intermingle and interact with all of these cell types [17] . During the last few years, there has been growing evidence that, besides the cellular processes within the tumor cells, a relevant contribution to tumor progression is provided by the cells of the tumor microenvironment [18] . On the molecular level, genome-scale gene expression studies of many different carcinomas have illustrated in detail the complexity of the tumors and the diversity of the associated non-epithelial cell types [19] . Inductive interactions between these different cell types can play not only a morphogenetic role but also an important mechanistic role in the pathogenesis and progression of malignancy. The endothelial cells have so far been mainly viewed in the context of vessel formation to improve the blood supply of the tumor. However, relatively little is known about the paracrine effects of these tumor-endothelial cell interactions. It was commonly thought that the formation of new vessels would mainly be important for the transport of nutrients and oxygen to the tumor cells and that interrupting this support is the key mechanism of antiangiogenic therapies. If we assume that, by the interruption of the vascular support, the tumor gets more hypoxic, it seems paradoxical that antiangiogenic therapies enhance the effects of chemotherapy and radiation. In the hypoxic environment, these therapies have usually been shown to be less effective [20] . However, the effects of these agents could be due, in good part, to the disruption of the paracrine tumor-promoting signaling that occurs as a result of the interaction of the cancer and endothelial cells. Such reciprocal inductive signaling has been well known from developmental biology and has again attracted special attention with the concept of cancer stem cells and their stem cell niche [21] . Therefore, characterizing heterotypic cell-cell interaction effects on a global gene expression scale might help to better understand the currently used antiangiogenic agents and eventually lead to the identification of novel targets that could be used to interrupt these paracrine stimulatory signaling pathways. This study specifically focuses on the interaction between breast cancer cells and endothelial cells to identify their reciprocal signaling effects.
Breast cancer is a heterogeneous disease, which implies that the tumorendothelial cell interactions might also be diverse. Tumor-endothelial cell interactions are not yet well characterized on a genome-wide scale, and they have not been compared between different tumor subtypes. Toward this aim, we performed a systematic analysis of the interactions between well-characterized breast cancer cell lines and primary endothelial cells in coculture.
We have recently used the approach of in vitro coculture experiments to characterize heterotypic interaction effects with DNA microarrays to systematically describe the global-scale effects that the tumor-fibroblastic stroma interaction has on gene expression. We identified a strong induction of an interferon response by specific tumor cells in coculture with a diverse set of fibroblasts, which corresponded to a subset of breast cancers with an unfavorable prognosis in vivo [22] .
In this study, we used breast cancer cell lines and endothelial cells for systematic coculture experiments, which allowed the interaction effects to be characterized on a global gene expression scale. Using this system, we investigated the following hypotheses:
1. The interaction of tumor and endothelial cells leads to changes in gene expression, which are important for angiogenesis and tumor progression. The gene expression programs that are involved provide hints for the signaling mechanisms that are involved. 2. The interaction of tumor and endothelial cells leads to the induction of gene expression signatures that are clinically relevant. These interaction effects might account for a significant proportion of the unexplained information in the gene expression data from tissue specimens. Given the evidence that interactions between cells can play critical roles in tumor progression, these data might be even more meaningful than prominent expression patterns, which are driven by the proportional representation of a given cell type in a tissue.
We have performed a systematic overview of heterotypic interaction effects of breast cancer and endothelial cells. The picture we obtained is complex, but our results suggest that the interaction of endothelial cells with a subset of CD44
− breast cancer cell lines induces a signature of "tumor-endothelial cell-induced M-phase cell cycle" genes, which is associated with a worse outcome in human breast cancer.
Materials and Methods

Cell Culture
Human mammary epithelial cells (HMECs; Cambrex Bio Science Walkersville, Walkersville, MD) were expanded in mammary epithelial basal medium that was supplemented with bovine pituitary extract, human epidermal growth factor, insulin, and antibiotics (Clonetics, Cambrex Bio Science Walkersville). MCF-7, T47D, MDA-MB-231, SKBR-3, Hs578T, and BT549 (ATCC, Atlanta, GA) were propagated in Dulbecco's modified Eagle medium that was supplemented with 10% FBS (HyClone, Logan, UT), glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco, Grand Island, NY). Human umbilical vein endothelial cells (HUVECs; ATCC) and human dermal microvascular endothelial cells (HDMECs; Cambrex Bio Science Walkersville) were expanded in endothelial basal medium 2 (EBM2; Cambrex Bio Science Rockland, Rockland, ME) that was supplemented with human epidermal growth factor, hydrocortisone, GA-1000 (gentamicin, amphotericin-B), 5% FBS, VEGF, human fibroblast growth factor-B (with heparin), R3-IGF, and ascorbic acid. For the coculture experiments, the cells were cultivated for 48 hours at an equal density of 50,000 cells/cm 2 (25,000 tumor cells/cm 2 and 25,000 endothelial cells/cm 2 ) in endothelial basal medium (Cambrex Bio Science Rockland) supplemented with 0.2% FBS. This medium served as a good universal medium for all the cells in the study.
Proliferation Assays
Direct cell counting. For cell counting, prestarved cells were plated in quadruplicate in 24-well plates at a density of 50,000 cells/cm 2 . After 24 and 48 hours, the cells were trypsinized and resuspended in 0.2 ml of FACS buffer that contained 0.5% BSA and 2 mM EDTA in PBS. The total cell number was determined using a cell counter.
WST-1 assay. The proliferation reagent 4-[3-(4-iodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1; Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany) was used according to the manufacturer's instructions. WST-1 is changed by mitochondrial enzymes of metabolically active cells to a colorful formazan that can be measured at a wavelength of 450 nm. The cell number was determined by comparison of the absorbance values to a standard cell dilution curve.
Comparison of HUVECs Proliferation in Response to Different Conditioned Medium
To obtain the conditioned medium, 10e6, Hs578T, MDA-MB-231, MCF-7, or HUVECs were extensively washed to avoid transfer of any stimuli from the regular cell growth medium. The cells were kept in 10 ml of EBM2 that contained 0.2% FBS for 24 hours. The medium was then aspirated and filtered through a 0.2-nm pore filter. In parallel, 3000 HUVECs per well were plated in a 96-well plate and starved for 24 hours in EBM2 that contained 0.2% FBS. For the stimulation experiments, HUVECs were washed once with PBS and incubated for 48 hours in 1:2 diluted conditioned medium in EBM2 that contained 0.2% FBS. EBM2 that contained 0.2% FBS was used as a negative control (vehicle medium), HUVEC culture supernatant that was diluted 1:2 in vehicle medium was used as an autologous medium control, and the full endothelial cell growth medium 2 that contained 5% FBS and all the supplements that were described above was used as a positive control. To determine the cell growth in response to stimulation with conditioned medium, the cells were stained with 7% WST-1 in low-serum Dulbecco's modified Eagle medium (0.2% FBS) for 1 hour at 37°C in 5% CO 2 . The absorbance was measured with an ELISA reader at a wavelength of 450 nm. Values for each experimental condition were obtained by calculating the average of at least eight independent replicates.
Inhibition with the Blocking Antibody Bevacizumab
To block the stimulatory effects of tumor cell conditioned media, the medium was supplemented with 100 ng/ml bevacizumab (Avastin; Genentech/Roche). To control the effect of bevacizumab, an additional HUVEC culture was set up with a medium that was enriched with recombinant VEGF-A (5 ng/ml) and 5% FBS. The cell growth was determined as above, and the absolute absorbance values were compared.
To check if blocking is specific for bevacizumab, trastuzumab (Herceptin; Genentech/Roche) was included at equal concentrations (0, 360, 720 ng/ml) in the analysis. As a negative control, HUVECs that were treated with Hs578T cell culture supernatant were used. The cell growth was determined as described before, and the absolute absorbance values were compared.
RNA Isolation and Amplification
After discarding the culture medium and washing the cell layer once with PBS, total RNA was isolated by lysing the cells in the culture dish with RLT buffer (Qiagen, Valencia, CA) and extracting with the RNeasy Mini Kit (Qiagen). Five hundred nanograms of total RNA was amplified using the Message Amp II aRNA Kit (Ambion, Austin, TX). The amplification product was checked for integrity by electrophoresis in a 1% agarose gel in MOPS buffer.
Complementary DNA Microarrays and Hybridization
The human complementary DNA (cDNA) microarrays contained 40,700 elements, which represented 24,472 unique genes that were based on Unique Clusters. The arrays were produced at the Stanford Functional Genomic Facility. Complete details regarding the clones on the arrays may be found at: http://www.microarray.org/sfgf/jsp/ servicesFrame.jsp#productionArrays. cDNA produced from 6 μg of amplified RNA were hybridized to the array in a two-color comparative format, with the experimental samples labeled with one fluorophore (Cy5) and a reference pool of messenger RNA (Universal Human Reference mRNA; Stratagene, La Jolla, CA) labeled with a second fluorophore (Cy3). The fluorescent dyes were purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Hybridizations were carried out using the standard protocol that was described previously [19] .
Data Analysis and Clustering
Array images were scanned using an Axon Scanner 4000B (Axon Instruments, Union City, CA), and image analysis was performed using GenePix Pro version 5.0 3.0.6.89 (Axon Instruments). The raw data files were stored in the Stanford Microarray Database [23] , and the data that were used for the article are available at: http://microarraypubs.stanford.edu/tumor-endothelial interaction. Data were expressed as the log 2 ratio of fluorescence intensities of the sample and the reference for each element on the array.
The (Cy5/Cy3) ratio is defined in the Stanford Microarray Database [23] as the normalized ratio of the background-corrected intensities. Spots with aberrant measurements that were due to obvious array artifacts or poor technical quality were manually flagged and removed from further analysis. A filter was applied to omit measurements where the fluorescent signal from the DNA spot was less than 50% above the measured background fluorescence that surrounded the printed DNA spot in either the Cy3 or the Cy5 channel. Genes that did not meet these criteria for at least 80% of the measurements across the experimental samples were excluded from further analysis. Valid data were filtered to exclude elements that did not have at least a three-fold deviation from the mean in at least two samples. Data were evaluated by unsupervised hierarchical clustering [24] and significance analysis of microarray [25] and were displayed using TreeView (http://rana.lbl. gov/EisenSoftware.htm).
GO::Termfinder
GO::TermFinder comprises a set of object-oriented Perl modules for accessing Gene Ontology (GO) information and evaluating and visualizing the collective annotation of a list of genes to GO terms [26] . It can be used to draw conclusions from microarray and other biologic data by calculating the statistical significance of each annotation.
Determination of the Heterotypic Interaction Effect on Gene Expression
To facilitate the identification of heterotypic interaction effects on global gene expression in a mixed coculture experiment, the gene expression data were normalized based on the proportional contribution of each cell type to transcript abundance. Given that the average gene does not change because of the heterotypic interaction and that there are simple additive effects to account for, a linear regression fit was used for normalization. To determine the contribution of each cell type to the combined gene expression pattern in the linear regression model, the expression levels of the monocultures were the predictors, and the expression levels of the coculture were the response.
Specifically, a set of equations (1 − n) was established (one per gene):
represented the expression level of the gene, a represented the proportional contribution of mRNA from the respective monoculture, n represented the number of genes measured on the microarray, and I represented the interaction coefficient. We assume that the average gene is not influenced by the heterotypic interaction in the mixed coculture, which is represented as I = 1. Because the data set over e 1 − n is skewed, a linear regression fit was empirically identified based on Gamma errors and identity link as a good model to calculate a. The equation 1 − n can then be solved for I 1 − n , which results in a profile of interaction effects for the genes 1 − n . These interaction effects can be analyzed in much the same way as conventional gene expression measurements.
Human Breast Cancer Data Set
The data set for breast cancer contained 295 tumors that were analyzed on a 25,000-spot oligonucleotide array [27] . In brief, patients were diagnosed and treated at the Netherlands Cancer Institute (NKI) for early-stage breast cancer (stages I and II) between 1984 and 1995. The clinical data were updated in January 2005. The median follow-up for patients who are still alive is 12.3 years.
The "tumor-endothelial cell-induced M-phase cell cycle" gene list consists of 98 genes that are represented by 95 image clones on the cDNA Stanford Array. Clones having the same Unigene locus were removed. The gene sequences were mapped to spots on the NKI array using Unigene build no. 184 (released on June 9, 2005) to give 36 unique spots. To overcome possible overweighting of clones from Unigene clusters that were matched to more than one probe on the NKI array, expression values that were derived from probes that were not matched to the same Unigene cluster were averaged. Expression measurements for each gene were mean centered. The resulting data set was subjected to hierarchical clustering with average linkage clustering [24] and displayed with TreeView (http://rana.lbl.gov/EisenSoftware.htm).
Distant metastasis was analyzed as first event only (distant metastasisfree probability). If a patient developed a local recurrence, an axillary recurrence, a contralateral breast cancer, or a second primary cancer (except for nonmelanoma skin cancer), he/she is censored at that time and the subsequent distant metastases are not analyzed. This is based on the theoretical possibility that the locally recurrent or second primary cancers could be a source for distant metastases. An ipsilateral supraclavicular recurrence was soon followed by a distant metastasis in all but one patient. An ipsilateral supraclavicular recurrence was thus considered to be the first clinical evidence for metastatic disease for this analysis, and patients were not censored at the time of ipsilateral supraclavicular recurrence. Overall survival was analyzed based on death from any cause, and patients were censored at last follow-up. Kaplan-Meier survival curves were compared by the Cox-Mantel log-rank test using Winstat for Microsoft Excel (R Fitch Software, Staufen, Germany).
A data set of gene expression patterns from advanced breast cancers was described by Sorlie et al. [28] . Expression data from 53 image clones that represented the "tumor-endothelial cell-induced M-phase cell cycle" gene list were included in this data set. Genes and samples were organized by hierarchical clustering. Relapse-free and overall survivals were calculated as described above.
Centroid Correlation
The method of calculating the centroid for each patient was previously described by Sorlie et al. [28] . The centroids were profiles that consisted of the average gene expression value for each of the patients. Briefly, the centroids for the genes that represented the "tumor-endothelial cell-induced M-phase cell cycle" signature as well as the other signatures were calculated based on the NKI data set. To test a similarity between the signatures, the correlation between values of different centroids was checked for each patient. The correlation was calculated using the Pearson correlation coefficient with R software [29] .
Results
Setup of a Tumor-Endothelial Coculture Model
As a model for investigating the gene expression program in response to epithelial-endothelial interactions in the normal breast and in breast cancer, cells that represented either benign or malignant epithelial cell compartments and cells that represented endothelial cell compartments were examined in an in vitro mixed coculture setting. The cells were cocultivated for 48 hours in low-serum medium (0.2% FBS) to allow reciprocal signal exchange with minimal background from the influence of undefined molecular signals that are inherent in fetal bovine serum. We examined the effects of cocultivation for each cell pair in two independent biologic replicates. The gene expression profiles of the cocultures were compared with the expression profiles of the corresponding cells that were kept in monoculture using cDNA microarrays that contained approximately 40,700 elements representing 24,472 unique Unigene clusters (build no. 173, released on July 28, 2004). To establish this experimental approach, we first focused our experiments on the breast cancer cell line, Hs578T, the dermal microvascular endothelial cell, HDMEC, and the coculture of these two cell types. The data passing our data quality filter, a filter for data distribution and a filter selecting genes that are more consistent within replicate samples than between experimental samples, were organized using unsupervised hierarchical clustering of the replicate experiments to provide an overview of the effects on global gene expression ( Figure 1A ). In the coculture, most genes displayed intermediate expression levels, which closely approximated the proportionally weighted average of their expression levels in the two cell types in monoculture. Despite setting up the coculture with equal cell numbers of Hs578T and HDMEC, the gene expression pattern after cocultivation is dominated by the pattern of Hs578T. However, one set of genes showed a consistent increase in transcript abundance in the coculture when compared with either monoculture, which suggested that the induction of these genes was an effect of cocultivation.
Interestingly, 11% of the 44 genes within this gene set are involved in DNA replication as determined by GO terms, and they are RRM2, Cdc45L, MCM4, KIAA1212, and MCM8 [26] (Appendix Figure 1) . The frequency of the genes that were involved in this function is significantly enriched (P = .006) compared with the background of 1140 genes passing the data quality and data distribution filters as shown in the heat map of Figure 1 . Furthermore, several genes are involved in the cell cycle, and they are CCNA2, RAD54B, AURKA, and CENPN. STC1, which is an extracellular matrix protein found in breast cancer [30] and known to be involved in angiogenesis [31] , was also detected in this set of genes. Taken together, these gene sets suggest proliferation of the tumor-endothelial cell coculture.
Because breast cancer is a clinically and molecularly heterogeneous disease, we selected a broad spectrum of different breast cancer cell lines to sample this heterogeneity and explore the effects of a heterotypic culture by looking for subtype-specific and shared response patterns. The focus was on epithelial-endothelial cell interactions, which were studied by cocultivating endothelial cells of different origins (HUVEC and HDMEC) in combination with HMECs or six widely used breast cancer cell lines. HDMECs, which are a commercially available dermal microvascular endothelial cell line, were selected to resemble the tumor vasculature endothelial cells of breast cancer as accurately as possible. HUVECs were selected to represent venous cells, despite the fact that the umbilical and breast environments are different. However, the changes that were observed suggest the system works well.
The changes in gene expression that are due to heterotypic interactions were subtle when compared with the large intrinsic variation in expression patterns among the involved cell types, as illustrated in Figure 1A for the cell pair of Hs578T and HDMEC. To identify the gene expression changes that resulted from cell-cell interactions, it was necessary to control for the simple additive effects that reflect the proportional contribution of the two cell types to the total population of each gene's transcript in coculture. Elimination of these proportionally weighted additive contributions allowed the isolation of supra-additive interaction effects. The fact that the transcript levels of most genes did not change in response to coculture allowed a linear regression model that was based on the transcription profiles of each monoculture be fitted to the coculture data for normalization. An example of this type of analysis is shown in Figure 1B . For each gene, the ratio of the measured transcript level and the level that was estimated by the linear model provides a measure of the heterotypic interaction effect. This is illustrated in Figure 1C , which shows the distribution of the gene expression changes of the Hs578T/HDMEC coculture. The genes that Figure 1 . Effect of heterotypic interaction between an endothelial cell and a breast cancer cell line. (A) Biologically independent replicates of the monocultured HDMEC, the breast cancer cell line Hs578T, and the mixed coculture of HDMEC and Hs578T were grown for 48 hours at low serum conditions and characterized by DNA microarray hybridization. Hierarchical clustering of a total of 1140 elements that display a greater than three-fold variance in expression in more than two different experimental samples. Data from individual elements or genes are represented as single rows, and different experiments are shown as columns. Red and green denote the expression levels of the samples. The intensity of the color reflects the magnitude of the deviation from baseline. Unsupervised hierarchical clustering of the experiments grouped the biologic replicates together. Gene expression varied considerably between HDMEC and Hs578T cultures as expected for cells of mesenchymal or epithelial origin, respectively. The coculture profile showed mainly intermediate expression levels. However, the vertical black bar marks a cluster of genes that were induced in all cocultures when compared with both monocultures, which indicated that they were induced by the heterotypic interaction. Zooming in on the genes that were upregulated in coculture revealed that they were specific for proliferation and mitosis. were identified by hierarchical clustering as differentially expressed in coculture when compared with monoculture are highlighted to illustrate the performance of this approach. Interaction effects, which are represented as gene expression changes, are converted to quantitative values that can be analyzed for similarities and disparities over multiple different pairwise interactions between cells with the same tools that are used to analyze conventional gene expression data.
There was an obvious heterogeneity in the responses of different pairs of cells to cocultivation (Figure 2) . A striking feature was a cluster of genes that was induced in MDA-MB-231 and Hs578T cocultures with either HUVEC or HDMEC but not in the cocultures with the HMECs. To test for enrichment in a specific functional gene ontology, we applied again the GO::Termfinder tool and found that this set of 104 genes was highly enriched for genes associated with the M-phase of the cell cycle compared with the background of 8140 genes (P = 1.87e − 16). This set of "tumor-endothelial cell-induced M-phase cell cycle" genes included TOP2A, CDC2A, CCNB2, DHFR, CIT, TK1, CCNA, RRM2, NUSAP1, TPX2, CDC25C, CENPA, CENPE, AURKA, DTL, DICER, WHSC1, PSIP1, and MTPN. Interestingly, WHSC1 plays a role in tumorigenicity, adhesion, and clonogenic growth in multiple myeloma [32] ; PSIP1 [33] , which is a transcriptional coactivator that is involved in different processes, plays a protective role in stress induced apoptosis; and MTPN [34] is a gene that belongs to the myotrophin family.
Differential Induction of Proliferation with Conditioned Medium from Different Tumor Types
As implied by the higher expression of the "tumor-endothelial cellinduced M-phase cell cycle" gene signature, the proliferation rate, as determined by direct cell counting over time, was significantly higher in the coculture of Hs578T and HUVEC than in isolated Hs578T or HUVEC cultures ( Figure 3A) . Also, by flow cytometric cell cycle analysis using propidium iodine staining, we observed a higher proportion of cells leaving the G 1 phase in the coculture than in the monocultures indicative of a higher proportion of cells cycling and passing the M-phase (data not shown).
We speculated that specific factors secreted by the tumors might increase the growth of the endothelial cells or vice versa. Toward this aim, we reciprocally incubated one cell type in conditioned medium from the other cell type. In fact, when the conditioned medium from the HUVECs is applied to the tumor cells, the tumor cells show a significantly higher proliferation rate than when kept in autologous medium as measured by the increase in relative cell numbers using the WST-1 proliferation assay (P = 1.3e − 12 , P = 4.6e − 06 [Hs578T], P = 4.3e − 07 [MDA-MB-231], unpaired 2-sided t test; Figure 3B ). This explains the enhanced proliferation, but it does not explain the differences in proliferation between cocultures of the distinct tumor subtypes. Of note, the conditioned medium from HUVECs induced a higher level of proliferation in MCF-7 cells than in either MDA-MB-231 or Hs578T cells. However, when the conditioned media that are derived from the different tumor types are applied to HUVECs, there is an increase in proliferation on stimulation with conditioned medium from Hs578T cells, which is not seen in the response to the supernatant from MCF-7 cells ( Figure 3C ). This pattern of differential induction is consistent with the differences in the expression of the "tumor-endothelial cell-induced M-phase cell cycle" gene signature, which was observed in the cocultures of Hs578T or MCF-7 in combination with HUVECs. HDMEC) . The 9 monocultures and the 14 cocultures were analyzed independently in duplicates on 46 HEEBO arrays. Raw data were filtered for technical quality as described in Materials and Methods section, leaving 37,773 spots. A data distribution filter eliminating spots with a log 2 -based red-green normalized ratio of less than 1 in at least two arrays removed 10,183 suid(s), leaving 27,590. Genes with missing data in more than 20% of the arrays were removed, leaving 14,565. On the basis of this data set, the calculation of the interaction factors was performed for all 14 cocultures separately as described in Materials and Methods section. The interaction factors were then further analyzed for their distribution, and factors with an SD of less than 0.5 were eliminated, leaving interaction factors for 8140 genes, which are shown as a heat map after unsupervised hierarchical clustering. Red and green denote relative changes in expression that were associated with heterotypic interaction. The magnitude of the relative change is given by color intensity. Zooming in on a cluster of genes that was consistently upregulated in more than two of the cocultures revealed that they were specific for the M-phase of the cell cycle.
Differential Pattern of Secreted Factors in the Tumor Subtypes
We speculated that the induction of the "tumor-endothelial cellinduced M-phase cell cycle" genes in cocultures of Hs578T and MDA-MB-231 is due to cell-cell signaling of factors that are specifically expressed at higher levels in these cells. To systematically identify these molecules, a two-class significance analysis of microarray data was performed [25] , with one class formed by Hs578T and MDA-MB-231 and the other by HMEC, HDMEC, HUVEC, BT549, SKBR3, T47D, and MCF-7. Among the genes that were expressed at significantly higher levels in these two cell types were several inducers of angiogenesis, which included VEGFC, FGF12, PTN, and NF1. There were also several transcription factors that were coexpressed with these genes, such as SNAI2 and ZFHx1B, which are known to be involved in the epithelial-mesenchymal transition. Interestingly, the PDGFB receptor, which responds to PDGFB that is secreted by endothelial cells, was found in these cells ( Figure 4A ). The full list of genes is given in Appendix Table 1 .
Expression of CD44/CD24 in the Diverse Cells
Because breast cancer cells that have the potential to influence the cells within their microenvironment in a way that enhances proliferation might have stem cell characteristics, we speculated that the tumor cells that expressed these angiogenic factors might carry the CD44 + / CD24
− stem cell-like signature, as previously described [35] . Figure 4B shows the relative expression of the mRNA of these two antigens in the breast cancer cell lines as measured on the cDNA microarray. CD44 is consistently upregulated in the breast cancer cells that induced the M-phase cell cycle genes in the coculture with endothelial cells, whereas CD24 is consistently downregulated.
This led us to the following working model: Tumor cells first secrete endothelial stimulatory signals, such as VEGF, FGF12, PTN, and NF1 ( Figure 4C ). On stimulation, the endothelial cells start to express PDGFB, which then signals back to the tumor cells through the upregulated PDGFB-R. This feedback loop is facilitated by matching pairs of receptors and ligands, and the coculture starts proliferating.
Blocking Hs578T-Induced Proliferation of HUVEC with Bevacizumab
One of the best described signaling pathways of endothelial cell proliferation is the VEGF pathway [12] . This pathway can be specifically blocked by bevacizumab, which is a monoclonal antibody against VEGF [36] . Whereas Hs578T induces the "tumor-endothelial cell-induced M-phase cell cycle" gene signature in cocultivation with HDMEC, the expression level of this signature in the coculture of MCF-7 and HDMEC represents just the average of the two cells in monoculture ( Figure 5A ). In accordance with these observations, bevacizumab is able to specifically block the stimulatory effect of Hs578T conditioned medium on HUVECs, whereas there was no significant effect on HUVECs that were incubated with conditioned medium that was derived from MCF-7 ( Figure 5B ). Bevacizumab, in contrast to trastuzumab, which served as a negative control, was able to block the conditioned medium that was derived from Hs578T cells and resulted in a reduction in proliferation of HUVECs by approximately 50% to 80%, depending on the antibody concentration ( Figure 5C ). This supports the VEGF pathway as an important factor that enhances tumor-endothelial cell proliferation. However, it is not sufficient alone to explain the full effect. Other factors that were identified by differential expression analysis in our coculture model might also be involved and, therefore, represent valuable targets for therapeutic intervention.
In Vivo Effects of the "Tumor-Endothelial Cell-Induced M-Phase Cell Cycle" Gene Signature
We investigated the effect on global gene expression in response to heterotypic cell-cell interaction as a simple, controlled, ex vivo model of tumor-endothelial cell interaction. We reasoned that identifying and characterizing gene expression programs that were characteristically induced by the interaction between specific pairs of cells in culture might enable us to recognize and interpret specific features in the expression profiles of human cancers that represent similar interactions between tumor and endothelial cells in vivo. The most consistent response to ex vivo cocultivation of breast cancer and endothelial cells was the induction of "tumor-endothelial cell-induced M-phase cell cycle" genes. We, therefore, looked for this response in the expression patterns in the published data from 295 early-stage (stages I and II) breast cancer samples from the NKI [27] . The "tumor-endothelial cell-induced M-phase cell cycle" genes showed a strikingly coherent variation in expression among these cancers, which enabled these cancers to be divided into two groups. One group had a relatively high expression and the other had a relatively low expression of the "tumor-endothelial cellinduced M-phase cell cycle" genes. Clustering the breast carcinomas based only on the expression of the "tumor-endothelial cell-induced M-phase cell cycle" genes separated them into two main clusters, with one cluster having a high-level expression of most of the "tumorendothelial cell-induced M-phase cell cycle" genes and the other having a lower expression of these genes ( Figure 6A ). The same coordinated behavior and segregation of tumors could be observed in a different set of advanced breast cancer samples [28, 37] , which suggested that variation in this "tumor-endothelial cell-induced cell M-phase cell cycle" program is a general feature in breast cancer (Appendix Figure 2) .
As a first assessment of its potential biologic relevance, distant metastasis-free survival and overall disease-specific survival were compared between the two groups. Early-stage tumors with high expression levels (n = 137) of this particular gene set had a significantly lower distant metastasis-free survival (P = 1.8e − 5; 50% at 10 years) and overall survival rate (P = 5e − 9; 52% at 10 years) than tumors with low expression levels (n = 158; metastasis-free survival, 73% at 10 years; overall survival, 84% at 10 years; Figure 6B ).
The same trend toward unfavorable outcome in patients with cancers that showed high levels of "tumor-endothelial cell-induced M-phase cell cycle" gene transcripts (P = .17) could be seen in the analysis of the data set from advanced-stage breast cancers [28] (data not shown) from Norway/Stanford.
Correlation to Other Prognostic Gene Expression Signatures
The relationship between the "tumor-endothelial cell-induced M-phase cell cycle" gene signature and three previously identified gene expression signatures, which were useful prognosticators in this data set, were also investigated (Figure 7) . The first signature is a set of 70 genes [38] , which was identified in a supervised analysis of a subset of the NKI early-stage breast cancer data set [27] , that could predict freedom from metastasis at 5 years. The second signature was identified in vitro by exposing fibroblasts to serum to mimic a wound response, and it has been shown to predict a risk of progression [39] . The "tumorendothelial cell-induced M-phase cell cycle" gene signature seems to be highly correlated with the poor prognosticator wound (0.605) signature and to be the reciprocal of the good prognosticator 70-gene signature (−0.708), which indicated that our hypothesis that was based Blocking of the stimulatory effect of Hs578T conditioned medium by bevacizumab. Absolute absorbance values of formazan dye that was converted by HUVECs, which corresponds to cell numbers, are shown in columns, with the y axis bars corresponding to SD. Bevacizumab (100 ng/ml) depleted the stimulatory effect of Hs578T cell culture supernatant in a significant manner, whereas it had no effect on the MCF-7 cell culture supernatant. Recombinant VEGF-A (5 ng/ml) and 5% FBS served as positive and negative controls, respectively. (C) Dose-dependent blocking of HUVEC proliferation by bevacizumab and trastuzumab. Absolute absorbance values of formazan dye that was converted by HUVECs are shown. HUVECs that were treated with the Hs578T cell culture supernatant represent the baseline stimulatory effect. Bevacizumab depleted the stimulatory effect of the Hs578T conditioned medium in a significant, dose-dependent manner. Trastuzumab, which is a monoclonal antibody against HER2, did not influence HUVEC stimulation by the Hs578T conditioned medium. on an in vitro model is of in vivo clinical relevance. Interestingly, the "tumor-endothelial cell-induced M-phase cell cycle" gene signature has even a higher correlation to the 70-gene profile, which was derived as a prognosticator by a top down analysis of this exact data set, than the wound signature. The invasiveness gene signature, which was derived from a comparison of CD44 + /CD24
− stem cell-like cells with normal breast epithelial cells, predicted poor prognosis in breast cancer [40] . This signature, despite having similar prognostic power as the wound signature, did not correlate well with the 70-gene signature, with the wound signature, or with the "tumor-endothelial cell-induced M-phase cell cycle" gene signature (−0.21).
Discussion
The main objective of this study was to examine and characterize the effects of heterotypic cellular interaction to gain insight into the underlying biology of these effects in normal mammary tissue and in breast cancer, with a specific focus on the interaction between epithelial tumor cells and endothelial cells. To isolate specific, direct interactions from more complex interactions that involve multiple cell types in a whole tissue or organism, we used a simple ex vivo coculture model. Because some important heterotypic interactions might require direct cell-cell contact, we focused on a coculture model where the two cell types were mixed [22] . In this report, we describe the systematic genomic analysis Figure 7 . Correlation to other prognostic gene signatures in early-stage breast cancer. Correlation of the 70-gene signature [50] , the wound signature [49] , the invasiveness gene signature [40] , and the "tumor-endothelial cell-induced M-phase cell cycle" signature score in the NKI data set. Pairwise scatter plot matrix of the three gene signatures. Pearson correlations are shown in the lower part of each plot.
of this simple in vitro system that simulates direct and indirect interactions between benign and malignant epithelial cells and endothelial cells in normal breast tissue and in breast cancer.
Common Gene Set Induced by Tumor-Endothelial Coculture
As expected, based on our experience with the tumor-fibroblast interaction [22] , the picture of heterotypic interaction effects from the survey of diverse tumor cells with two different types of endothelial cells is complex and reflects the different abilities of normal and malignant cells to send and respond to extrinsic signals. Our data show that the effects of the tumor-endothelial cell interaction differ between different breast cancer cell lines that each represents a different breast cancer subtype. A prominent theme in our coculture experiments was a set of genes that were characteristic of the mitotic phase of the cell cycle, which we called the "tumor-endothelial cell-induced M-phase cell cycle" gene expression signature. This observation on the gene expression level is consistent with the phenotypic features that show a higher proliferation rate in the respective cocultures. In our setting, the mere coexistence of two cell types of different origin, such as the Hs578T breast cancer cells and endothelial cells, seems to be sufficient to induce proliferation. Cooperate induction between cells of different lineages is well known from developmental biology, where stem cells cooperate with their environmental cells to form the stem cell niche. The stem cell concept has also been introduced in cancer [41] . Cells with stem cell characteristics have been prospectively isolated from breast cancer using CD44 and CD24 as markers [35] . From these cells, which are characterized as CD44 + / CD24 − , a prognostic gene expression signature has been determined, which has been called the invasiveness signature [40] . This signature has been associated with an unfavorable prognosis in breast cancer. However, it was unclear how that small fraction of stem cells could lead to such a prominent gene expression pattern in the genomic profile of breast cancer, and it was unexpected that a signature that was derived from stem cells, which are known for their low proliferative potential, was linked to the highly proliferative, poor prognostic tumors.
Hs578T and MDA-MB-231 both exhibit the CD44 + /CD24 − phenotype. Whereas in monoculture under low serum conditions, they proliferated slowly in a manner that was similar to stem cells [42, 43] , in coculture with endothelial cells, they had a high proliferation rate along with associated changes in gene expression. This induction of proliferation markers is absent in the cocultures with CD44 + signature, which is associated with the luminal-type breast cancer cells [44] . In this context, the cocultivation with endothelial cells explains the worse prognosis of basal type breast cancer despite the lower proliferation rate of the isolated basal-type breast cancer cells in monoculture. This exemplifies that this simple in vitro coculture model is more similar to the in vivo situation than the monoculture. The stem cell-like cells with highly potent tumorinitiating properties, as they were described by Al-Hajj et al. [35] , clearly exhibited the CD44 + /CD24
− signature but were also characterized by additional markers. It has been shown that CD44 + /CD24 − -expressing cell lines contain these tumor-initiating cells [42, 45] , but, of note, we did neither specifically focus on nor explicitly select for these stem cell-like cells. − tumor cells that upregulate the "tumor-endothelial cellinduced M-phase cell cycle" genes and the CD44 − /CD24 + tumor cells that do not reveals multiple genes that seem to be involved in angiogenesis. This gene subset includes VEGF, FGF, and other endothelial stimulatory factors. Many genes in this cluster are functionally less well described, although they might be involved in tumor cell proliferation or in the induction of tumor angiogenesis. To demonstrate their functional impact, we blocked VEGF with bevacizumab, which is a specific antibody against VEGF. A good part of the stimulatory effect of Hs578T conditioned medium on HUVECs was abrogated with bevacizumab. This demonstrates that these genes play a considerable functional role and are not just surrogate markers that are associated with faster tumor growth. Whereas VEGF partially blocks the effects of the tumor cell supernatant, other factors might also contribute to endothelial proliferation and thereby represent possible additional new therapeutic targets. Most notably, these additional factors could be responsible for drug resistance to anti-VEGF monotherapy if tumors start using these alternative angiogenic factors to grow blood vessels.
Differences Are Due to Differential Endothelial Cell Proliferation
With consideration to the cancer stem cell concept, the stem cell niche has been proposed to play an important role in carcinogenesis and progression, although it remains largely uncharacterized at the cellular and molecular levels. It is possible to speculate that endothelial cells participate in the breast cancer stem cell niche. In a mouse model, VEGFR + bone marrow-derived cells have been shown to form a stem cell niche for cancer cells, and such cells have been identified in human breast cancer biopsies [46] . In brain cancer, stem cells were demonstrated to live in a vascular niche that secretes factors that promote their long-term growth and self-renewal [47] . The factors that we have described to enhance the proliferation of Hs578T, a CD44 + /CD24 − -expressing cell line, which contains at least in part stem cell-like cells [42] and endothelial cells, might also be involved in a breast cancer stem cell niche. We are well aware that the endothelial cells of the vascular system are diverse [48] and that the tumor vasculature consists of specifically altered endothelial cells. The endothelial cells that we selected, which were the HUVECs and HDMECs, do not represent the autologous tumor vasculature endothelial cells of breast carcinomas. We can, therefore, not exclude the possibility that endothelial cells that are isolated from within a tumor might show additional specific interaction effects. Nevertheless, it would be surprising if carcinoma-associated endothelial cells failed to show the strong effects that we consistently observed in cocultures with HUVECs and HDMECs. Because these experiments might be insufficient to detect subtle differences between cocultures that involve different types of tumor-endothelial cells, a more specific selection of primary tumor-associated endothelial cells would be needed in the optimal case in cocultivation with primary tumor cells.
Predictive Marker for Antiangiogenic Drugs
We have shown that the "tumor-endothelial cell-induced M-phase cell cycle" signature is a strong prognostic signature that strongly correlates with other prognostic signatures such as the wound signature [49] and the 70-gene signature [27] . A subset of the genes that are found in our signature overlaps with a subset of the genes that are found in the "wound signature," which was characterized by the stimulation of fibroblasts with serum, resembling the response of fibroblasts to wounding. Our situation also resembles the situation of wounding, where new vessels have to spread to the wound area to nourish the new wound fibroblasts. The 70-gene signature is currently studied in prospective clinical trials to spare some women chemotherapy without risking their chance of cure [50] . For clinical decision making, it is important to define biomarkers that could serve as predictive factors about the benefit of certain therapies, especially in the case of new therapeutic options, such as antiangiogenic drugs. So far, there is no valid biomarker for this purpose. Although there is evidence from preclinical studies, we have to be cautious when extrapolating preclinical data to the human disease. Preclinical experiments are often designed to look at the influence of well-defined biologic phenomena on drug efficacy. By contrast, human disease is more complex and might require multiple markers to accurately predict efficacy. For this purpose, a set of in vitro-designed biomarkers, which are already independently tested for their prognostic power, such as our "tumor-endothelial cell-induced M-phase cell cycle" gene signature or the associated set of angiogenesis-inducing factors, could serve as potential predictors that are worth further evaluation. Our in vitro model, which involves the mere coculture of two cell types, seems to allow the identification of a strongly prognostic gene signature. Whereas the genes from the 70-gene signature have not yet been associated with a single functional ontology, our signature is linked to a mechanistic in vitro model that allows for further experimentation.
In our previous work, we have modeled the interaction of tumor cells with fibroblasts, which allowed us to define an interferon response gene set [22] . In this work, we have characterized a tumor-endothelial cell interaction. It would be interesting to see how different carcinomaassociated fibroblasts and endothelial cells interact and how the addition of tumor cells would reprogram the system. Our coculture technique may allow us to further explore these more complex interactions among the multiple molecules that operate in these cells to orchestrate the process of cancer progression and metastasis. Our experience suggests that in vitro modeling of specific processes and features of the tumor microenvironment can provide a valuable interpretive framework for the analysis of associated gene expression patterns in more heterogeneous in vivo samples and the identification of the effects of heterotypic cellular interactions.
